The experiment demonstrates how divergence in Ekman transport leads to vertical motion. Students visualize how continuity of the flow leads to upwelling in a cyclone and downwelling in an anticyclone, which then helps make connections with gyre-scale ocean circulation. Students learn how to visualize circulation at the surface and at depth using paper dots and dye tracers.
PurPosE oF ActiVity
Here we study the mechanism by which the wind drives ocean circulation. We induce cyclonic and anticyclonic circulation by blowing air over the surface of a rotating tank of water using fans co-rotating with the turntable, as sketched in Figure 1 . The
Ekman layers and patterns of upwelling and downwelling can be visualized by using dye crystals and paper dots. permanganate crystals 2 to display flow characteristics on the bottom of the tank. To create cyclonic and anticyclonic circulation, we gently blow air over the surface of the water using fans directed tangentially to the circular insert, as shown in 
ActiVity
Before attaching the fans, decide whether you want to create a cyclone (fans circulate air in direction of rotation) or an anticyclone (fans circulate air opposite to the sense of rotation).
The fans should then be positioned perpendicular to the wall of the tank at the point where the circular insert touches the square container, as shown in Figures 1, 3 , and 4. The fans are clamped to the outer wall (green clamps in Figure 3 ). The fan must be held firmly and arranged to blow horizontally. Next, place the other fan on the opposite wall and direct it to blow in the reverse direction of the first fan. Figure 4 shows a view from the top.
Once the fans are mounted, fill the tank so that the water level is just below the bottom of the fans. Set the Nansen observed that the direction of ice and ship movement was not parallel to the wind but typically at an angle of 20°-40° to the right of it. Nansen related the problem to Vilhelm Bjerknes at the University of Uppsala, who assigned working out the theory to his student V. Wilfrid Ekman (1905).
Wind-driven currents deflected by the Coriolis force are now known as Ekman currents.
Here we describe how computer cooling fans blowing air over water in a circular container placed on a rotating turntable can be used to represent the action of the wind on the ocean.
Paper dots can be used to track the movement of the surface layers of the water. Thus, we are able to confirm Nansen's observations in the laboratory and also study the vertical circulations associated with wind-driven currents.
mAtEriAL s
This demonstration 1 needs a turntable, a circular tank or a square tank with circular insert to remove the corner effects, water, two computer cooling fans, black paper dots to reveal the pattern of surface flow, and a few milligrams of potassium 1 The "Weather in a tank" (http://paoc.mit.edu/labguide) demonstrations are being implemented at a group of universities (university of Wisconsin, madison; Penn state; Johns hopkins university; millersville university; and university of massachusetts, Dartmouth, led by mit) to introduce many atmospheric and oceanic-circulation-related concepts to students at various levels. A low-cost and easily transportable rotating table is used in a series of experiments that simulate diverse processes in the atmosphere-ocean system. The rotating table helps students understand the kinematics in a rotating frame of reference, and an extensive set of experiments has been designed for demonstrations. For more information about the apparatus required to carry out this and related experiments, contact John marshall (jmarsh@mit.edu). 2 some safety precautions are appropriate for potassium permanganate, which is a strong oxidizer and must be stored away from oxidizable substances. The crystals or a concentrated solution stains skin and clothing, but may be washed away using acetic acid. Brown epidermal skin stains disappear within a few days. The amount needed for this experiment is a few milligrams, a quantity small enough to allow safe storage on a regular shelf. Alternatives to potassium permanganate crystals are pellets of gelatinized food coloring stuck to tiny weights such as sand grains or crystals of colored sugar (available for decorating cakes). face make their way to the periphery. Such outward flow at the surface creates divergence. The fluid is thus drawn up from the interior. Flow at the bottom is convergent, which can be made easily visible by dropping in permanganate crystals, as seen in Figure 4d . The students can also observe the dye rising near the center ( Figure 5 ).
We have found it most instructional to introduce the paper dots first, discuss their behavior, and only then mark the deep flow with permanganate crystals.
clockwise (Anticyclonic) case
If the fans are mounted such that the wind stress is clockwise (or anticylonic, in the jargon), they create Ekman convergence near the center of the tank at the surface, which forces fluid down, and creates an anticyclone near the bottom of the tank, as sketched in Figure 2a and seen in Figure 4c .
For best visual results, the floating black paper dots that are used as surface-flow tracers should be introduced near the center at the surface for the cyclone experiment, as their outward motion at the surface becomes quite clear. Likewise, for the anticyclone experiment, it is best to drop them near the edge of the tank. Potassium permanganate crystals are best dropped The experiments are very robust and can be done with a variety of fan sizes and fan speeds, although slower speeds work best. We used fan sizes of 40, 80, and 120 mm: we recommend using 120-mm cooling fans rotating at the lowest speed. If the tank is filled and fans properly attached, it takes a 50-minute class period to do the demonstrations. In our implementation, we have used the preceding and following class periods to discuss the associated theory and implications.
thEory Theory tells us that the mass transport in an Ekman layer, M Ek , is given by,
where τ wind is the stress applied by the wind at the surface, z is a unit vector pointing vertically upwards, f is the Coriolis parameter (in our laboratory experiment, f = 2 Ω), and "×" is the vector product. We thus see that the mass transport of the Ekman layer is exactly to the right of the surface wind (in the northern hemisphere). The above equation determines M Ek , which depends only on τ wind and f. It does not predict typical velocities or boundary layer depths, which depend on the details of the turbulent boundary layer. A more complete analysis (carried out by Ekman, 1905) shows that the horizontal velocity vectors within the layer trace out a spiral, as shown in Figure 6 . But, irrespective of these details, the transport is to the right of the applied stress.
In our laboratory experiment, the Ekman layers (both at the top and the bottom) are very shallow, perhaps a few millimeters in depth. The majority of the fluid column is in geostrophic balance. 
rEAL-WorLD ExAmPLEs
As studied in detail by Ekman, when wind blows across the surface of the ocean, the momentum from the wind is transferred to the water via the wind stress on the surface.
Earth's rotation then imparts a Coriolis acceleration on the moving water parcels that is perpendicular to the velocity and directed to the right in the northern hemisphere. Convergence in Ekman transport leads to downwelling, for example, in subtropical ocean gyres where low-latitude easterlies and mid- 
ADDitioNAL oNLiNE rEsourcEs
The Web sites mentioned below contain additional material on coastal and equatorial upwelling, as well as other rotating tank experiments.
• http://oceanmotion.org/html/background/upwelling-and- Vertical motion is not computed over the white strip along the equator because of the coriolis parameter, f → 0, there. The thick line is the zero contour.
